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ABSTRACT 


Results  are  presented  which  illustrated  the  effects  of  single  embedded  longitudinal 
vortices  on  heat  transfer  and  injectant  downstream  of  a  row  of  film-cooling  holes  and 
downstream  of  a  single  hole  in  a  turbulent  boundary  layer.  Attention  is  focussed  on  the 
changes  resulting  as  circulation  magnitudes  of  the  vortices  are  varied  from  0.0  to  0.144 
m2/s.  Mean  temperature  results  are  presented  which  show  how  injectant  is  distorted  and 
redistributed  by  vortices,  along  with  heat  transfer  measurements  and  mean  velocity 
surveys.  Injection  hole  diameter  is  0.952  cm  to  give  a  ratio  of  vortex  core  diameter  to 
hole  diameter  of  about  1.5-1.6.  The  freestream  velocity  is  maintained  at  10  m/s,  and 
the  blowing  ratio  is  approximately  0.5.  Film-cooling  holes  are  oriented  30  degrees  with 
respect  to  the  test  surface.  Stanton  numbers  are  measured  on  a  constant  heat  flux 
surface  with  a  nondimensional  temperature  parameter  of  about  1.5.  The  situation  studied 
is  one  where  the  middle  injection  hole  is  beneath  the  vortex  upwash.  For  all  results, 
vortex  centers  pass  well  within   2.9  vortex  core  diameters  of  the  middle  injection  hole. 

To  quantify  the  influences  of  the  vortices  on  the  injectant,  the  parameter  S  is 
introduced,  defined  as  the  ratio  of  vortex  circulation  to  injection  hole  diameter  times 
mean  injection  velocity.  The  perturbation  to  film  injectant  and  local  heat  transfer  is 
determined  by  the  magnitude  of  S.  When  S  is  greater  than  1.0-1.5,  injectant  is  swept 
into  the  vortex  upwash  and  above  the  vortex  core  by  secondary  flows,  and  Stanton 
number  data  show  little  evidence  of  injectant  beneath  the  vortex  core  and  downwash 
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near  the  wall  for  x/d  only  up  to  about  17.5.  For  large  x/d,  local  hot  spots  are  present, 
and  the  vortices  cause  local  Stanton  numbers  to  be  augmented  by  as  much  as  25 
percent  in  the  film-cooled  boundary  layers.  When  S  is  less  than  1.0,  some  injectant 
remains  near  the  wall  beneath  the  vortex  core  and  downwash  where  it  continue  to 
provide  some  thermal  protection.  In  some  cases,  the  protection  provided  by  film  cooling 
is  augmented  because  of  vortex  secondary  flows  which  cause  extra  injectant  to 
accumulate  near  upwash  regions. 


IV 


iool 


TABLE  OF  CONTENTS 


I.  INTRODUCTION 1 

A.  BACKGROUND  AND  RELATED  STUDIES     1 

B.  THESIS  OBJECTIVES     4 

C.  THESIS  ORGANIZATION 5 

II.  EXPERIMENTAL  APPARATUS  AND  PROCEDURES      6 

A.  WIND  TUNNEL  AND  COORDINATE  SYSTEM 6 

B.  INJECTION  SYSTEM 7 

C.  GENERATION  AND  CONTROL  OF  VORTEX 

CHARACTERISTICS    8 

D.  MEAN  VELOCITY  COMPONENTS 12 

E.  STANTON  NUMBER  MEASUREMENTS    12 

F.  MEAN  TEMPERATURE  MEASUREMENTS     13 

G.  EXPERIMENTAL  UNCERTAINTIES    13 

in.    EXPERIMENTAL  RESULTS    15 

A.  DEFINITIONS  OF  KEY  PARAMETERS 15 

B.  FIVE  HOLE  PRESSURE  PROBE  SURVEY 17 

1.  Streamwise  Vorticity  Contours 17 

2.  Secondary  Flow  Vectors  Field,  Streamwise  Velocity 
Distributions,  and  Total  Pressure  Distributions 19 

C.  MEAN  TEMPERATURE  SURVEYS 20 


D.  HEAT  TRANSFER  MEASUREMENTS 21 

1.  Baseline  Data  Checks    22 

2.  Heat  Transfer  Measurements  :  Embedded  Vortex 

with  No  Film  Cooling 22 

3.  Heat   Transfer  Measurements    :    Film   Cooling   from   a   Single 
Injection  Hole  with  and  without  an  Embedded  Vortex      23 

4.  Heat  Transfer  Measurements   :   Film  Cooling  from   a  Row  of 
Injection  Holes  with  and  without  an  Embedded  Vortex     26 

E.  FLOW  VISUALIZATION  RESULTS     28 

IV.  SUMMARY  AND  CONCLUSIONS     30 

APPENDIX  A,    FIGURES 32 

APPENDIX  B,    SOFTWARE  DIRECTORY      152 

LIST  OF  REFERENCES    156 

INITIAL  DISTRIBUTION  LIST     159 


VI 


LIST  OF  TABLES 

TABLES  PAGE 

1  Vortex  Generator  Spanwise  positions  for  different  vortex  strength     ....  10 

2  Characteristics  of  Embedded  Vortices  for  No  Film -Cooling     11 

3  Characteristics  of  Embedded  Vortices  with  Injection 

from  a  Single  Injection  Hole     11 

4  Characteristics  of  Embeded  Vortices  for  1 3  Injection  Holes    11 

5  Streamwise  Voiticiry  Parameter  Data  for  a  Single  Injection  Hole 18 

6  Streamwise  Vorticity  Parameter  Data  for  a  Row  of  13  Injection  Holes  18 


vn 


LIST  OF  FIGURES 


FIGURES  PAGE 

1.  Test  Section  Coordinate  System 32 

2.  Top  View  Schematic  of  Wind  Tunnel  Test  Section     33 

3.  Vortex  Generator  Details 34 

4.  Vortex  Generator  Orientation  in  X-Z  Plane  for 

Various  Vortex  Generator  Angles 35 

5.  Coordinate  Location  of  Vortex  Generator  Mounting  Plate 

for  Various    Vortex  Generator  Angles 36 

6.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 37 

7.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 38 

8.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     39 

9.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     40 

10.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     41 

11.  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 42 

viii 


12.  Stream  wise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 43 

13.  Stream  wise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 44 

14.  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     45 

15.  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     46 

16.  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     47 

17.  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 48 

18.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 49 

19.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 50 

20.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 51 

21.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 52 

22.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 53 


IX 


23.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 54 

24.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     55 

25.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     56 

26.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     57 

27.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     58 

28.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     59 

29.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     60 

30.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     61 

31.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     62 

32.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     63 

33.  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 64 


34.  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 65 

35.  Total  Pressure  Field  for  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 66 

36.  Stream  wise  Velciry  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 67 

37.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 68 

38.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 69 

39.  Streamwise  Velciry  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 70 

40.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 71 

41.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 72 

42.  Streamwise  Velciry  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     73 

43.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     74 

44.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     75 


XI 


45.  Stream  wise  Velcity  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  y    76 

46.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     77 

47.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     78 

48.  Stream  wise  Velcity  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     79 

49.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     80 

50.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     81 

51.  Stream  wise  Velcity  Distributions  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 82 

52.  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 83 

53.  Total  Pressure  Field  for  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 84 

54.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 85 

55.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 86 


xn 


56.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     87 

57.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     88 

58.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     89 

59.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 90 

60.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  r 91 

61.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  w 92 

62.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  x     93 

63.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  y     94 

64.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  Vortex  z     95 

65.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 96 

66.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  33.6,  Vortex  w 97 


Xlll 


67.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  54.6,  Vortex  w 98 

68.  Local  Temperature  Distribution,  A  Single  Injection  Hole, 

m  =  0.5,  x/d  =  75.6,  Vortex  w 99 

69.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  33.6,  Vortex  w 100 

70.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  54.6,  Vortex  w 101 

71.  Local  Temperature  Distribution,  13  Injection  Hole, 

m  =  0.5,  x/d  =  75.6,  Vortex  w 102 

72.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9,  Vortex  r     103 

73.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9,  Vortex  w 104 

74.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9,  Vortex  x     105 

75.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9,  Vortex  y    106 

76.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9,  Vortex  z     107 

77.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  m  =  0.5,  x/d  =  41.9, 

No  Vortex  Generator     108 


xiv 


78.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  Vortex  r 109 

79.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  Vortex  w     110 

80.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  Vortex  x Ill 

81.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  Vortex  y 112 

82.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  Vortex  z 113 

83.  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 

13  Injection  Holes,  m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 114 

84.  Stanton  Number  Development  with  Streamwise  Distance, 

No  Film-Cooling,  Vortex  r 115 

85.  Stanton  Number  Development  with  Streamwise  Distance, 

No  Film-Cooling,  Vortex  w    116 

86.  Stanton  Number  Development  with  Streamwise  Distance, 

No  Film-Cooling,  Vortex  x     117 

87.  Stanton  Number  Development  with  Streamwise  Distance, 

No  Film-Cooling,  Vortex  y     118 

88.  Stanton  Number  Development  with  Streamwise  Distance, 

No  Film-Cooling,  Vortex  z 119 


xv 


89.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  1.15  m     120 

90.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  1.25  m     121 

91.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  1.40  m     122 

92.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  1.60  m     123 

93.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  1.80  m     124 

94.  Spanwise  Variation  of  St/Sto  Ratios, 

No  Film-Cooling,  X  =  2.00  m     125 

95.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  1.15  m    126 

96.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  1.25  m    127 

97.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  1.40  m    128 

98.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  1.60  m    129 

99.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  1.80  m    130 


xvi 


100.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

A  Single  Film-Cooling  Hole,  X  =  2.00  m    131 

101.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.482,  Vortex  r 132 

102.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.482,  Vortex  w    133 

103.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.482,  Vortex  x     134 

104.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.482,  Vortex  y     135 

105.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.480,  Vortex  z     136 

106.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

A  Single  Injection  Hole,  m  =  0.481,  No  Vortex  Generator 137 

107.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  1.15  m 138 


xvn 


108.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  1.25  m 139 

109.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  1.40  m 140 

110.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  1.60  m 141 

111.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  1.80  m 142 

112.  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 

13  Injection  Film-Cooling  Holes,  X  =  2.00  m 143 

113.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.473,  Vortex  r    144 

114.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.472,  Vortex  w 145 

115.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.472,  Vortex  x 146 

116.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.472,  Vortex  y 147 


xv  in 


117.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film -Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.472,  Vortex  z 148 

118.  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex, 

13  Injection  Holes,  m  =  0.473,  No  Vortex  Generator    149 

119.  Surface  Flow  Visualization  :  A  Single  Injection  Hole 150 

120.  Surface  Flow  Visualization  :  13  Injection  Holes    151 


xix 


TABLE  OF  SYMBOLS 


A  -  area  of  injection  hole 

d  -  injection  hole  diameter 

U  -  mean  velocity 

m  -  blowing  ratio,  p^^p^U.. 

St  -  Stanton  number  with  vortex  and  film  injection 

Sto  -  baseline  Stanton  number,  no  vortex,  no  film-cooling 

Stf  -  Stanton  number,  with  film-cooling 

X,  x  -  steamwise  distance 

Y  -  distance  normal  to  the  surface 

Z  -  spanwise  distance  from  test  surface  centerline 

x/d  -  dimension  streamwise  position  :  streamwise  distance 
measured  from  the  downstreram  edges  of  the 
injection  holes,  divided  by  injection  hole  diameter 

T  -  static  temperature 

p  -  density 

9  -  non-dimensional  injection  temperature, 
(Trc-TrJ/(Tw-TrJ 

r  -  circulation  of  streamwise  cirlation  vorticity 

S  -  non-dimensional  circulation,  r/Uc.d 

(0,  -  streamwise  vorticity 

xx 


«>„„„  -  maximum  streamwise  vorticity,  occuring  at  vortex 

core  center 
Zcore,  Ycore,    -  core  radii  in  the  Z  and  Y  directions,  symbols  used 
Z2core,  Y2core     in  vorticity  plots  representing  values  derived  from 

different  vortex  core  models 
Cr,  Cr2  -  vortex  circulation,  symbols  used  in  vorticity  plots 

representing  circulation  values  derived  from  different 

vortex  core  models 
2c/d  -  dimensionless  core  size  parameter  :  twice  the  average 

core  radius  divided  by  the  injection  hole  diameter 
Zcen  -  spanwise  location  of  vortex  core  center 


Subscripts 

c 

-  injectant  at  exits  of  injection  holes 

w 

-  wall 

r 

-  recovery  condition 

oo 

-  freesteam 

XXI 


ACKNOWLEDGEMENTS 

This  research  was  supported  by  Wright  Aeronautical  Laboratories,  Wright- 
Patterson  Air  Force  Base;  Dr.  Dick  Rivir,  program  monitor. 

The  composition  of  this  study  was  greatly  influenced  by  Phillip  M.  Ligrani  along 
with  the  work  of  S.  L.  Joseph,  A.  Ortiz,  G.  E.  Schwartz  and  W.  W.  Williams. 

Technical  contributions  were  made  by  Dr.  Chelakara  Subramanian  through  his 
expert  adaptation  of  computer  software  and  his  knowledgeable  instruction  in  surface 
flow  visualization  techniques.  Also,  a  special  thanks  for  his  assistants  in  the  review  of 
this  thesis. 

I  wish  to  express  my  heartfelt  thanks  to  my  thesis  advisor,  Professor  Phillip  M. 
Ligrani,  whose  invaluable  guidance,  time,  enthusiasm  made  this  end  result  possible.  I 
am  deeply  grateful  for  having  had  the  good  fortune  of  working  with  a  man  of  his 
patience  and  understanding. 


xxn 


I.  INTRODUCTION 

A.      BACKGROUND  AND  RELATED  STUDIES 

In  order  to  devise  improved  film  cooling  schemes  to  protect  surfaces  of 
components  in  high  temperature  engines  from  thermal  loading  which  results  from 
exposure  to  hot  gases,  designers  must  be  able  to  account  for  the  detrimental  effects 
resulting  from  the  presence  of  embedded  longitudinal  vortices.  This  is  because,  firstly, 
embedded  vortices  are  abundant  in  many  such  components.  Secondly,  embedded 
vortices  cause  significant  perturbations  to  local  wall  heat  transfer  distributions  (Eibeck 
and  Eaton  [Ref.  1]),  as  well  as  to  the  distributions  of  film  coolant  along  with  the 
accompanying  thermal  protection  [Ref.  2;  Ref.  3].  Of  importance  are  the  magnitude  of 
perturbations  to  wall  heat  transfer  and  injectant  distribution  as  well  as  the  spatial 
extents  of  these  perturbations  on  high  temperature  engine  component  surfaces.  To 
determine  such  perturbations  and  extents,  the  designer  must  have  knowledge  of  the 
effects  of  vortex  strength,  vortex  size,  and  vortex  location  relative  to  a  vast  array  of 
film  cooling  injection  rates,  hole  sizes,  geometries  and  configurations. 

The  size  and  strength  of  embedded  longitudinal  vortices  are  particularly  varied 
in  turbine  blade  passages  of  gas  turbine  engines.  At  the  intersection  of  the  blade 
leading  edge  and  end  wall,  a  horseshoe  or  leading  edge  vortex  develops  as  a  result 
of  the  intense  local  pressure  gradient  which  forces  fluid  toward  the  end  wall.  The 
horseshoe  vortex  then  splits  into  a  suction  side  leg  and  a  pressure  side  leg.  As  the 
pressure  side  leg  further  develops,  it  become  the  passage  vortex  and  is  influenced  by 


the  cross-passage  static  pressure  gradient.  Depending  on  the  amount  of  blade  loading, 
the  suction  leg  may  reside  at  the  intersection  of  the  suction  side  and  the  endwall,  or 
it  may  be  pushed  away  from  the  endwall  by  the  passage  vortex  from  an  adjacent  blade. 
Comer  vortices  also  develops  at  many  locations,  along  with  Taylor-Goertler  vortices 
which  from  near  concave  surface  of  turbine  blades  as  a  result  of  centrifugal 
instabilities.  Because  of  the  complexity  and  variety  of  fluid/thermal  interactions  between 
film  injectant  and  the  different  embedded  vortices,  numerical  modelling  and  prediction 
of  these  flows  are  not  presently  practical  and  experiments  are  needed  to  clarify  physical 
behavior. 

However,  in  spite  of  this,  experimental  studies  of  the  interactions  of  embedded 
vortices  and  film  cooling  are  relatively  scarce.  One  of  the  earliest  is  reported  by  Blair 
[Ref.  4],  who  measured  heat  transfer  on  an  endwall  film-cooled  using  a  slot  inclined 
at  a  30  degree  angle.  The  large  vortex  located  in  the  comer  between  the  endwall  and 
the  suction  surface  of  their  cascade  was  believed  to  cause  significant  variations  of 
measured  heat  transfer  and  film  cooling  effectiveness.  Goldstein  and  Chen  [Ref.  5;  Ref. 
6]  studied  the  influence  of  flows  originating  near  the  endwall  on  blade  film  cooling 
from  one  and  two  row  of  holes.  A  triangular  region  was  found  on  the  convex  side  of 
the  blade  where  coolant  was  swept  away  from  the  surface  by  the  passage  vortex. 

Ligrani,  et  al,  [Ref.  2]  examined  the  influences  of  embedded  longitudinal  vortices 
on  film  cooling  from  a  single  row  of  film  cooling  holes  in  turbulent  boundary  layers. 
Each  hole  was  inclined  at  an  angle  of  30  degrees  with  respect  to  the  test  surface,  and 
spaced  3  hole  diameters  from  neighboring  holes.  Blowing  ratios  ranged  from  0.47  to 
0.98,    and   freestream   velocities    were    10   m/s    and    15    m/s.    Surface    heat   transfer 


distributions,  mean  velocities,  and  mean  temperatures  show  that  film  coolant  is  greatly 
disturbed  and  local  Stanton  numbers  are  altered  significantly  by  the  secondary  flows 
within  vortices.  Because  characteristics  of  these  secondary  flows  change  around  the 
vortex,  the  spanwise  position  of  the  vortex  with  respect  to  film  cooling  holes  is  very 
important.  Secondary  heat  transfer  peaks  are  also  present  which  are  associated  with 
region  of  high  streamwise  velocity.  These  peaks  become  higher  in  magnitude  and 
persistent  with  downstream  distance  as  the  blowing  ratio  increases  from  0.47  to  1.26, 
Ligrani,  et  al,  [Ref.  19]. 

To  further  clarify  the  interactions  between  vortices  and  wall  jets,  Ligrani  and 
Williams  [Ref.  3]  then  examined  the  effects  of  an  embedded  vortex  on  injectant  from 
a  single  film-cooling  hole  in  a  turbulent  boundary  layer.  Attention  was  focussed  on  the 
effect  of  spanwise  position  of  the  vortices  with  respect  to  film  injection  holes.  The 
ratio  of  vortex  circulation  to  injection  velocity  times  hole  diameter  was  3.16,  and  the 
ratio  of  the  vortex  core  size  to  injection  hole  diameter  was  1.58.  The  main  conclusion 
of  this  study  is  that  injection  hole  centerlines  must  be  at  least  2.9-3.4  vortex  core 
diameters  away  from  the  vortex  center  in  the  lateral  direction  to  avoid  significant 
alterations  to  wall  heat  transfer  and  distributions  of  film  injectant. 

The  present  study  is  different  from  and  an  extension  of  results  presented  by 
Ligrani,  et  al  [Ref.  2]  and  Ligrani  and  Williams  [Ref.  3]  by  focussing  on  the  changes 
which  result  as  vortex  circulation  is  altered.  Heat  transfer,  mean  velocity  components, 
and  injection  distributions  are  measured  downstream  of  a  row  of  injection  holes  and 
downstream  of  a  single  film-cooling  hole.  All  holes  are  inclined  at  30  degrees  with  a 
blowing  ratio  of  about  0.5.  For  all  tests,  the  vortex  upwash  passes  above  the  center  line 


of  the  middle  injection  hole  such  that  the  vortex  center  passes  a  distance  equivalent  to 
0.87  vortex  core  diameters  away  in  the  positive  spanwise  direction.  Vortices  are 
generated  using  a  half-delta  wing  placed  on  the  wind  tunnel  test  surface,  and  vortex 
circulation  is  varied  by  changing  the  angle  of  attack  of  the  delta  wing. 

With  these  results,  additional  physical  understanding  of  the  convective  heat 
transfer  processes  as  a  result  of  an  extremely  complex  shear  layer  interaction  are 
provided.  Such  design  information  will  lead  to  improved  film-cooling  configurations 
which  minimize  the  detrimental  effects  of  vortex  secondary  flows  on  film  cooling 
protection.  These  results  will  ultimately  result  in  lower  thermal  stress  distributions, 
giving  higher  turbine  inlet  temperatures,  more  efficient  engines,  and  improved  power 
to  weight  ratios. 

B.       THESIS  OBJECTIVES 

The  present  study  is  an  extension  of  the  work  of  References  2,  3,  10,  15,  17,  18 
and  19.  In  those  studies,  attention  was  focussed  on  effects  of  blowing  ratio  and 
spanwise  vortex  position.  The  principal  objective  of  the  present  study  is  to  study  the 
interactions  between  a  single  longitudinal  embedded  vortex  and  injectant  from  a  single 
film  cooling  hole  and  a  row  of  film  cooling  holes  as  vortex  circulation  is  varied  from 
0  m2/s  to  0.144  m2/s.  Of  particular  interest  are  the  changes  imposed  upon  surface  heat 
transfer  and  distributions  of  film  injectant.  The  circulation  of  embedded  vortices  is 
altered  by  changing  the  angle  of  attack  of  the  delta  wing  used  to  generate  the  vortices 
from  0  to  18  degrees.  The  single  injection  hole  and  the  middle  hole  of  the  row  of  hole 
are  always  located  beneath  the  vortex  upwash  as  the  vortex  passes  the  injection 
location. 


C.      THESIS  ORGANIZATION 

The  organization  of  this  report  is  now  discussed.  In  section  2  experimental 
apparatus  and  procedures  are  presented.  This  is  followed  by  section  3  which  gives 
experimental  results.  The  results  section  consists  of  definitions  of  key  parameters, 
velocity  and  streamwise  vorticity  surveys,  mean  temperature  surveys,  heat  transfer 
measurements,  and  flow  visualization  results.  Section  4  contains  the  summary  and 
conclusions.  This  is  followed  by  appendix  A,  which  contains  figures. 


H.  EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

In  order  to  isolate  the  interactions  between  film  injectant  and  the  vortices 
embedded  in  turbulent  boundary  layers,  measurements  are  made  on  a  flat  plate  in  a 
zero  pressure  gradient.  Wind  tunnel  speed  is  10  m/s  and  temperature  differences  are 
maintained  at  levels  less  than  30  degrees  Centigrade  to  maintain  constant  property 
conditions.  With  this  approach,  many  of  the  other  effects  present  in  high-temperature 
engines  are  not  present  (curvature,  high  free-stream  turbulence,  variable  properties, 
stator/blade  wake  interactions,  shock  waves,  compressibility,  rotation,  etc.)  since  these 
may  obscure  and  complicate  the  interaction  of  interest. 

Detailed  measurements  are  made  in  spanwise  planes  at  different  streamwise 
locations  in  order  to  elucidate  the  development  and  evolution  of  flow  behavior.  In  order 
to  match  the  conditions  found  in  many  practical  applications,  the  boundary  layer, 
embedded  vortex,  and  wall  jet  are  all  turbulent. 

A.      WIND  TUNNEL  AND  COORDINATE  SYSTEM 

The  wind  tunnel  is  the  same  one  used  in  the  experiments  of  Ligrani,  et  al  [Ref. 
2]  and  Ligrani  and  Williams  [Ref.  3].  The  facility  is  open-circuit,  subsonic,  and  located 
in  the  laboratories  of  the  Department  of  Mechanical  Engineering  of  the  Naval 
Postgraduate  School.  A  centrifugal  blower  is  located  at  the  upstream  end,  followed  by 
a  diffuser,  a  header  box  containing  a  honeycomb  and  three  screens,  and  then  a  16  to 
1  contraction  ratio  nozzle.  The  nozzle  leads  to  the  test  section  which  is  a  rectangular 


duct  3.05  m  long  and  0.61  m  wide,  with  a  top  wall  having  adjustable  height  to  permit 
changes  in  the  streamwise  pressure  gradient. 

A  schematic  showing  the  test  section  and  coordinate  system  is  presented  in  Figure 
1.  The  vortex  generator  base  plate  is  shown  to  be  located  0.48  m  downstream  of  the 
boundary  layer  trip.  The  left  edge  of  this  base  plate  (looking  downstream)  is  the  base 
edge  referred  to  in  Table  1  as  a  location  reference.  This  is  further  clarified  in  Figures 
2-5.  The  downstream  edge  of  the  row  of  13  injection  holes  is  then  0.60  m  further 
downstream  from  this  base  plate.  The  surface  used  for  heat  transfer  measurements  is 
then  located  a  short  distance  farther  downstream.  With  this  surface  at  elevated 
temperature,  an  unheated  starting  length  of  1.10  m  exists,  and  the  direction  of  heat 
transfer  is  then  from  the  wall  to  the  gas.  Thermocouple  row  locations  along  the  test 
surface  are  labelled  in  Figure  2.  In  regard  to  the  coordinate  system,  Z  is  the  spanwise 
coordinate  measured  from  the  test  section  centerline,  X  is  measured  from  the  upstream 
edge  of  the  boundary  layer  trip,  and  Y  is  measured  normal  to  the  test  surface,  x  is 
measured  from  the  downstream  edge  of  the  injection  holes  and  generally  presented  as 
x/d.  m 

B.       INJECTION  SYSTEM 

The  injection  system  is  described  by  Ligrani,  et  al  [Ref.  2]  and  Ligrani  and 
Williams  [Ref.  3].  Of  the  thirteen  injection  holes,  the  one  referred  to  as  the  middle 
hole  is  located  on  the  spanwise  centerline  (Z  =  0.0  cm)  of  the  test  surface.  Each  hole 
has  a  diameter  of  0.952  cm,  is  inclined  at  an  angle  of  30  degrees  with  respect  to  the 
test  surface  and  is  spaced  3  diameters  from  neighboring  holes.  Air  for  the  injection 
system  originates  in  a  1.5  horsepower  DR513  Rotron  Blower  capable  of  producing  30 


cfm  at  2.5  psig.  From  the  blower,  air  flows  through  a  regulating  value,  a  Fisher  and 
Porter  rotometer,  a  diffuser,  and  finally  into  the  injection  heat  exchanger  and  plenum 
chamber.  The  exchanger  provides  means  to  heat  the  injectant  above  the  ambient 
temperature.  With  this  system  and  test  plate  heating,  the  non-dimensional  injection 
temperature  parameter  0  was  maintained  at  about  1.5  for  all  tests  to  maintain  conditions 
similar  to  ones  existing  in  gas  turbine  components.  The  plenum  connects  to  thirteen 
plexiglass  tubes,  each  8  cm  long  with  a  length/diameter  ratio  of  8.4.  With  no  vortex 
present,  boundary  layer  displacement  thickness  at  the  injection  location  is  0.28d. 

Injection  system  performance  was  checked  by  measuring  discharge  coefficients 
which  compared  favorably  with  earlier  measurements.  Procedures  to  measure  discharge 
coefficients  and  blowing  ratios  are  described  by  Ligrani,  et  al  [Ref.  2]. 

C.   GENERATION  AND  CONTROL  OF  VORTEX  CHARACTERISTICS 

The  device  used  to  generate  the  vortices  is  shown  in  Figure  3.  The  generator  is 
a  half  delta  wing  with  3.2  cm  height  and  7.6  cm  base.  The  wing  is  attached  to  a  base 
plate  and  rotated  about  the  pivot  point  to  give  different  generator  angle  which,  in  turn, 
result  in  different  vortex  circulation  magnitudes. 

With  half-delta  wing  generators,  vortices  are  produced  with  secondary  flow 
vectors  such  as  the  ones  presented  in  chapter  III.  As  vortex  circulation  becomes  larger, 
secondary  flow  velocities  between  the  vortex  center  and  the  wall  increase,  and  amount 
of  spanwise  vortex  drift  increases  as  the  vortices  are  convected  downstream.  Thus,  if 
the  pivot  point  is  maintained  at  the  same  location,  increasing  angle  A  produces  stronger 
vortices  whose  centers  are  located  at  more  negative  Z  locations  along  the  test  surface. 


In  order  to  obtain  systematic  results  as  circulation  is  changed,  the  present  study 
requires  that  the  same  portion  of  the  vortex  be  located  over  the  middle  injection  hole 
as  the  vortex  passes.  In  other  words,  the  distance  between  the  centerline  of  the  middle 
injection  hole  and  vortex  centers  (located  at  local  vorticity  maxima)  must  be  maintained 
constant.  To  accomplish  this,  spanwise  starting  locations  of  the  vortices  must  be  altered 
by  changing  positions  of  the  generator  mounting  plate  in  the  spanwise  direction,  as 
listed  in  Table  1. 

The  fust  step  in  determining  the  spanwise  locations  in  Table  1  was  to  measure 
spanwise  locations  of  the  local  vorticity  maxima  as  the  delta  wing  angle  A  was 
changed,  while  maintaining  constant  the  location  of  the  generator  pivot  point  (Figure 
3).  The  Z  locations  of  these  maxima  at  x/d  =  0.0  gave  amount  of  spanwise  drift  of  the 
vortices  at  the  streamwise  location  of  the  injection  holes.  The  amount  of  required  base 
plate  adjustment  was  then  determined  from  these  Z  locations.  Positions  in  Table  1  are 
then  the  ones  which  maintain  constant  vortex  center  locations  with  respect  to  the 
middle  injection  hole  centerline,  as  the  vortices  pass  this  injection  hole.  In  the  present 
study,  the  injection  emerges  beneath  the  vortex  upwash  and  the  vortex  center  is  located 
at  about  +1.3  cm  relative  to  Z  =  0.0.  This  spanwise  location  corresponds  to  the 
centerline  of  the  middle  hole  which  is  also  the  centerline  of  the  test  surface. 

Vortices  with  different  circulation  magnitudes  are  labelled  r,  w,  x,  y,  and  z  in 
Tables  1,  2,  3  and  4,  where  a  particular  label  applies  to  a  particular  generator  angle. 
The  same  vortex  labels  are  then  used  whether  of  not  injection  is  employed,  which  is 
important  because  vortex  characteristics  are  often  altered  slightly  by  injectant.  Table  2 
gives  characteristics  of  vortices  r,  w,  x,  y,  and  z  with  no  injection.  Table  3  gives 


characteristics  of  embedded  vortices  for  a  single  injection  hole  with  m  =  0.5.  Table  4 

gives  characteristics  of  embedded  vortices  when  m  =  0.5  injection  emerges  from  13 

holes.  All  of  these  data  were  obtained  from  measurements  at  x/d  =  41.9.  In  these 

tables,  c  is  the  vortex  core  radius,  determined  as  one  half  of  the  sum  of  average  core 

radii   in  Y   and  Z  directions   (as  measured  from  vortex  centers).   These  radii  are 

determined  for  the  area  which  encompasses  all  vorticity  values  greater  than  or  equal 

to  40  percent  of  peak  vorticity  (at  the  center)  for  a  particular  vortex.  The  choice  of  40 

percent  was  made  to  give  a  good  match  to  core  radii  determined  at  the  locations  of 

maximum  secondary  flow  vectors,  Craig  [Ref.  7].  The  area  enclosed  by  secondary 

flow  maxima  is  important  because,  for  ideal  Rankine  vortices,  it  corresponds  to  the  area 

containing  all  vorticity.  Secondary  flow  vector  maxima  are  not  used  to  determine  core 

size  because  this  leads  to  results  which  are  less  accurate  than  the  40  percent  threshold 

approach.   2c/d  then  gives  the  ratio  of  the  vortex  core  diameter  to  injection  hole 

diameter.  Core  sizes  are  about  the  same  even  though  peak  vorticity  varies,  as  indicated 

by  2c/d  values  ranging  from  1.45  to  1.62  for  vortices  r,  w,  x,  y,  and  z  in  Tables  2- 

4.  Also  contained  in  the  latter  two  Tables  is  parameter  S,  which  will  be  discussed  in 

chapter  IH. 

Table  1  Vortex  Generator  Spanwise  positions  for  different 
vortex  strengths 

Vortex  Generator    Spanwise  Z  Locations  of 
Vortex  Angle  (degrees)     the  Generator  Base  Edge 

r  18  +3.80 

w  15  +3.29 

x  12  +2.27 

y  8  +0.24 

z  4  -0.27 
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Table  2  Characteristics  of  Embedded  Vortices  for  No  Film-Cooling 


Vortex  Generator 

Maximum  Streamwise 

Circulation 

2c/d 

Vortex 

Angle  (decrees) 

Vorticitv  (1/s) 

(m2/s) 

r 

18 

760. 

0.150 

1.62 

w 

15 

626. 

0.116 

1.52 

X 

12 

522. 

0.085 

1.49 

y 

8 

278. 

0.041 

1.47 

z 

4 

179. 

0.019 

1.51 

no  vortex           0 

000. 

0.000 

— 

Table  3  Characteristics  of  Embedded  Vortices  with  Injection  from  a  Single  Hole 


Vortex  Generator 

Maximum  Streamwise 

Circulation 

S 

2c/d 

Vortex    Angle  (degrees) 

Vorticitv  (1/s) 

(m2/s) 

r                18 

745.5 

0.144 

3.03 

1.61 

w              15 

668.3 

0.113 

2.38 

1.56 

x                12 

536.8 

0.079 

1.67 

1.52 

y              8 

303.9 

0.039 

0.82 

1.48 

z                  4 

159.0 

0.017 

0.35 

1.49 

no  vortex         0 

000.0 

0.000 

0.00 

— 

Table  4  Characteristics  of  Embedded  Vortices  with  Injection  from  13  holes 


Vortex  Generator 

Maximum  Streamwise 

Circulation 

S 

2c/d 

Vortex 

Angle  (degrees) 

Vorticitv  (1/s) 

(m2/s) 

r 

18 

763. 

0.134 

2.82 

1.58 

w 

15 

663. 

0.108 

2.28 

1.53 

X 

12 

593. 

0.079 

1.67 

1.50 

y 

8 

339. 

0.430 

0.91 

1.45 

z 

4 

155. 

0.010 

0.26 

1.49 

no  vortex          0 

000. 

0.000 

0.00 

— 
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D.  MEAN  VELOCITY  COMPONENTS 

Mean  velocity  components  were  measured  using  a  five-hole  pressure  probe  with 
a  conical  tip  manufactured  by  United  Sensors  Corporation.  Celesco  transducers  and 
Carrier  Demodulators  were  used  to  sense  pressures  when  connected  to  probe  output 
ports.  Following  Ligrani,  et  al  [Ref.  8],  corrections  were  made  to  account  for  spatial 
resolution  and  downwash  velocity  effects.  An  automated  traverse  used  for  injectant 
surveys  was  used  to  obtain  surveys  of  secondary  flow  vectors,  from  which,  mean 
streamwise  vorticity  contours  were  calculated  (see  section  m  A).  These  devices, 
measurement  procedures  employed,  as  well  as  data  acquisition  equipment  and 
procedures  used  are  further  detailed  by  Ligrani,  et  al  [Ref.  2;  Ref.  9]. 

E.  STANTON  NUMBER  MEASUREMENTS 

Details  on  the  measurement  of  local  Stanton  numbers  are  given  by  Craig  [Ref.7], 
Ligrani,  et  al  [Ref.  2],  and  Ligrani  and  Williams  [Ref.  3].  A  summary  of  these 
procedures  is  also  repeated  here. 

The  heat  transfer  surface  is  designed  to  provide  a  constant  heat  flux  over  its  area. 
The  surface  next  to  the  airstream  is  stainless  steel  foil  painted  flat  black.  Immediately 
beneath  this  is  a  liner  containing  126  thermocouple,  which  is  just  above  an  Electrofilm 
Corp.  etched  foil  heater  rated  at  120  volts  and  1500  watts.  Located  below  the  heater 
are  several  layers  of  insulating  materials  including  a  several  Lexan  sheets,  foam 
insulation,  styrofoam  and  balsa  wood.  Surface  temperature  levels  and  convective  heat 
transfer  rates  are  controlled  by  adjusting  power  into  the  heater  using  a  Standard  Electric 
Co.  variac,  type  3000B.  To  determine  the  heat  loss  by  conduction,  an  energy  balance 
was   performed.   Radiation  losses   from  the   top  of  the   test   surface   were  estimated 
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analytically.  The  thermal  contact  resistance  between  thermocouples  and  the  foil  top 
surface  was  estimated  on  the  basis  of  outputs  of  the  thermocouples  and  measurements 
from  calibrated  liquid  crystals  on  the  surface  of  the  foil.  This  difference  was  then 
correlated  as  a  function  of  heat  flux  through  the  foil. 

After  the  surface  was  completed,  a  variety  of  qualification  tests  were  conducted 
to  check  its  performance.  These  are  described  in  detail  by  Ortiz  [Ref.  10]. 

F.  MEAN  TEMPERATURE  MEASUREMENTS 

Copper-constantan  thermocouples  were  used  to  measure  temperature  along  the 
surface  of  the  test  plate,  the  freestream  temperature,  as  well  as  temperature  distributions 
which  are  correlated  to  injection  distributions.  For  the  distributions,  a  thermocouple  was 
traversed  over  spanwise/normal  planes  (800  probe  locations)  using  an  automated  two- 
dimensional  traversing  system  which  could  be  placed  at  difference  streamwise  locations. 
Ligrani,  et  al  [Ref.  2]  and  Ligrani  and  Williams  [Ref.  3]  gives  additional  detail 
including  procedures  used  for  calibration. 

G.  EXPERIMENTAL  UNCERTAINTIES 

Uncertainty  analysis  details  are  given  by  Schwartz  [Ref.  11].  Uncertainty  estimates 
are  based  upon  95  percent  confidence  levels,  and  determined  following  procedures 
described  by  Kline  and  McClintock  [Ref.  12],  and  by  Moffat  [Ref.  13].  Typical 
nominal  values  of  freestream  recovery  temperature  and  wall  temperature  are  18.0  and 
40.0  degrees  Centigrade,  with  respective  uncertainties  of  0.13  and  0.21  degrees 
Centigrade.  The  freestream  density,  freestream  velocity  and  specific  heat  uncertainties 
are  0.009  kg/m3  (1.23  kg/m3),  0.06  m/s  (lO.Om/s)  and  1  J/kg  K  (1006  J/kg  K),  where 
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typical  nominal  values  are  given  in  parenthesis.  For  total  convective  heat  transfer,  heat 
transfer  coefficient,  and  heat  transfer  area,  10.5  W  (270  W),  1.03  W/m2K  (24.2 
WVnv^K),  and  0.0065  m2  (0.558  m2)  are  typical.  Uncertainties  of  St,  St/Sto,  m  and  x/d 
are  0.000086  (0.00196),  0.058  (1.05),  0.025  (0.5),  and  0.36  (41.9),  respectively. 
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m.    EXPERIMENTAL  RESULTS 

A.      DEFINITIONS  OF  KEY  PARAMETERS 

Circulation  over  a  region  A  in  the  Y-Z  plane  is  given  by  : 

r  =  JAo>xdA 

where  cox  is  the  streamwise  vorticity,  given  by  : 

dU,       dUy 
dy         dz 

Streamwise  vorticity  is  approximated  using  a  finite  difference  equation  for  each  sample 
point  : 


,       x  U,(y  +  Ay,  z)  -  U,(y  -  Ay,  z)         Uy(y,  z  +  Az)  -  Uy(y,  z  -  Az) 

(0,(y,  z)    =       -    

2Ay  2Az 


where  Ay  and  Az  are  the  incremental  probe  positions  in  the  y  and  z  directions, 
respectively. 

Circulation  magnitudes  are  calculated  assuming  that  all  vorticity  values  less  than 
threshold  are  equal  to  zero.  The  same  numerical  threshold  of  76.  (1/s)  is  used 
throughout  this  thesis.  This  value  is  equal  to  10  percent  of  the  maximum  vorticity  of 
vortex  r  with  no  injection,  as  measured  at  x/d  =  41.9  (Table  2).  Schwartz  [Ref.  11] 
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utilizes  a  threshold  vorticity  of  100  s"\  In  order  to  provide  continuity  between  Schwartz 
results  and  those  of  the  present  study,  circulation  is  also  estimated  based  a  threshold 
vorticity  of  100  s"1. 

To  quantify  the  influences  of  the  vortex  circulation  on  injectant,  the  following 
dimensionless  parameter  S  is  used,  defined  as  : 

s  =  r/(uc.d) 

As  such,  S  quantifies  vortex  strength  relative  to  injection  jet  strength,  Uc  and  d  are  the 
average  injection  velocity  at  the  wall  and  the  diameter  of  the  injection  hole, 
respectively.  For  all  cases  of  the  present  study,  Uc  and  d  are  not  changed  as  the 
blowing  ratio  m  is  maintained  constant  and  injection  geometry  is  not  altered.  With  no 
film  cooling  (m  =  0,  Uc  =  0),  S  has  no  meaning  and  therefore  is  not  used. 

The    dimensionless   parameter   used   to   compare   vortex   core    size   relative   to 
injection  hole  size  is  defined  by  : 


2  ((Z_  +  YcoJ/2) 
2c/d    =        


Here,  c  represents  the  average  vortex  core  radius.  Two  separate  schemes  for  calculating 
the  average  vortex  core  diameter  are  used.  These  are  mentioned  in  chapter  n.  In  the 
first,  2c  is  estimated  for  the  area  surrounded  by  maximum  secondary  flow  velocity 
vectors.  The  magnitudes  of  these  vectors  are  defined  as  (Uy2  +  UZ2)H.  This  method  is 
accurate  only  within  ±0.51  cm.,  since  this  is  the  spacing  between  sample  points  in  the 
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Z  and  Y  directions  with  the  second  scheme,  the  vortex  core  is  consider  to  include  the 
area  containing  all  vorticity  magnitudes  greater  than  40  %  of  the  peak  value. 

Figures  6-17  show  streamwise  vorticity  distributions.  Circulation  magnitudes 
determined  based  on  a  threshold  vorticity  of  100  s"1  are  denoted  on  these  figures  as  Cr, 
while  of  circulation  based  on  the  76.03  s"1  vorticity  threshold  are  annotated  Cr2.  Vortex 
core  radii  calculated  from  secondary  velocity  maxima  and  minima  are  denoted  as  Zcore 
and  Ycore,  while  core  radii  calculated  using  the  0.4  (Om„  approach  are  denoted  as 
Z2core  and  Y2core. 

B.   FIVE  HOLE  PRESSURE  PROBE  SURVEY 

Figures  6-53  show  distributions  of  streamwise  vorticity,  streamwise  mean  velocity, 
secondary  flow  vectors  and  total  pressure.  These  surveys  are  obtained  using  the  five 
hole  pressure  probe.  For  each  survey,  the  probe  is  positioned  at  800  different  locations 
in  spanwise  normal  planes  at  x/d  =  41.9.  The  surveys  are  conducted  for  a  single 
injection  hole  and  a  row  of  13  injection  holes.  All  results  are  obtained  with  a  blowing 
ratio  m  of  0.5.  The  freestream  velocity  U„  is  maintained  at  about  10  m/s. 
1.      Streamwise  Vorticity  Contours 

S  is  represented  as  Cr2/(Uc.d)  and  Cr/(Uc.d)  in  Figures  6-17.  Values  of  co^^, 
2c/d,  Zcore,  Ycore,  Z2core  and  Y2core  are  also  given  in  these  figures.  Figure  17 
shows  the  vorticity  distribution  with  no  vortex  to  provide  a  baseline  check  on 
measurement  procedure.  From  these  data,  it  is  evident  that  sizes  of  vortices  and 
magnitudes  of  vorticity  both  increase  as  the  vortex  generator  angle  increases  from  0 
to  18  degrees.  Streamwise  vorticity  contours  are  presented  in  Figures  6  -  10  when  a 
single  injection  hole  is  employed.     At  x/d  =  41.9,  spanwise  locations  of  the  vortex 
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center  (Zcen)  for  each  of  these  five  vortices  are  within  ±  0.51  cm  of  Z  =  0.0  cm. 
Table  5  summarizes  vortex  parameter  data  for  this  experimental  configuration. 

Table  5  Streamwise  Vorticity  Parameter  Data  for  a  Single  Injection  Hole 


Vortex  Generator 

a™ 

r 

S 

2c/d 

Zcore 

Ycore 

Z2core 

Y2core 

Vortex 

Angle  (degree) 

(1/s) 

(m7s) 

cm. 

cm. 

cm. 

cm. 

r 

18 

745.5 

.144 

3.03 

1.61 

.76 

.51 

.76 

.76 

w 

15 

668.3 

.113 

2.38 

1.56 

.76 

.76 

.74 

.74 

X 

12 

536.8 

.079 

1.67 

1.52 

.51 

.76 

.72 

.72 

y 

8 

303.9 

.039 

0.82 

1.48 

.51 

.76 

.69 

.72 

Z 

4 

159.0 

.017 

0.35 

1.49 

.76 

.76 

.68 

.73 

Figures  12-16  show  streamwise  vorticity  contours  when  a  row  of  13  injection 
holes  is  employed.  At  x/d  =  41.9,  spanwise  locations  of  vortex  centers  (Zcen)  for  each 
of  these  five  vortices  are  again  within  ±  0.51  cm  of  Z  =  0.0  cm.  Vortex  characteristics 
for  this  configuration  are  given  in  Table  6. 

Table  6  Streamwise  Vorticity  Parameter  Data  for  a  row  of  13  Injection  Holes 


Vortex  Generator 

SL.™ 

r 

S 

2c/d 

Zcore 

Ycore 

Z2core 

Y2core 

Vortex 

Angle  (degree) 

(1/s) 

(m2/s) 

cm. 

cm. 

cm. 

cm. 

r 

18 

736.6 

.134 

2.82 

1.58 

.51 

.76 

.75 

.75 

w 

15 

662.5 

.108 

2.28 

1.53 

.76 

.76 

.72 

.73 

X 

12 

593.1 

.079 

1.67 

1.50 

.51 

.51 

.71 

.72 

y 

8 

338.9 

.043 

0.91 

1.45 

.76 

.25 

.68 

.71 

z 

4 

154.8 

.013 

0.26 

1.49 

.76 

.76 

.71 

.71 
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2.  Secondary  Flow  Vectors  Field,  Streamwise  Velocity  Distributions,  and 
Total  Pressure  Distributions 

Secondary  flow  vectors,  streamwise  velocity  distributions  and  total  pressure 
distributions  are  presented  in  figures  18-53.  Figures  18-35  show  results  for  the  single 
injection  hole  experiments.  Figures  36-53  show  results  when  the  row  of  13  injection 
holes  was  employed. 

For  a  single  injection  hole  film  cooling,  Figures  18-20  show  results  obtained  with 
vortex  r.  High  streamwise  velocities  are  evident  near  the  wall  in  Figure  18  at  the 
downwash  side  of  the  vortex.  Low  streamwise  velocity  fluid  is  evident  away  from  the 
wall  on  the  upwash  side.  Figure  19  shows  secondary  flow  vectors.  Clockwise  rotating 
vectors  indicate  the  presence  of  the  vortex.  Secondary  velocities  in  the  upwash  region 
(left  portion  of  vortex)  are  directed  upwards,  away  from  the  wall  (+Y  direction).  The 
secondary  crossflow  velocities  in  downwash  region  (right  portion  of  vortex)  are  directed 
towards  the  wall  (-Y  direction).  Figure  19  also  shows  strong  secondary  velocities 
between  the  wall  and  the  vortex.  The  total  pressure  field  is  presented  in  Figure  20 
and  shows  trends  similar  to  ones  shown  by  the  streamwise  velocity.  Figures  21-23 
present  results  for  vortex  w.  Results  for  vortices  x,  y  and  z  are  shown  in  Figures  24- 
26,  Figures  27-29  and  Figures  30-32  respectively.  Figures  33-35  present  results  when 
no  vortex  is  presented.  A  comparison  of  these  different  results  show  how  vortex 
properties  change  with  different  vortex  circulation  magnitudes. 

The  results  in  Figures  36-53  show  measurements  when  film  cooling  emerges  from 
the  row  of  13  injection  holes.  Figures  36-38  present  results  for  vortex  r.  Figures  39- 
41  show  results  for  vortex  w.  Figures  42-44  show  results  for  vortex  x.  Figures  45-47 
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present  results  for  vortex  y.  Figures  48-50  show  results  for  vortex  z.  Figures  51-53 
present  results  obtained  when  no  vortex  generator  is  employed.  The  perturbations  to 
the  boundary  layer  are  similar  to  those  observed  when  a  single  injection  hole  is 
employed. 

C.      MEAN  TEMPERATURE  SURVEYS 

Surveys  of  mean  temperature  are  shown  in  Figures  54-83,  which  provide 
qualitative  information  on  the  distributions  of  injectant  after  it  emerges  from  the  film 
cooling  holes.  These  results  were  obtained  using  an  experimental  approach  introduced 
by  Ligrani,  et  al  (1989),  in  which  the  film  injectant  is  heated  to  approximately  50 
degrees  Celsius  without  providing  any  heat  on  the  test  plate.  The  temperature  field  thus 
shows  how  the  fluid  from  the  injection  holes  is  convected  and  distorted  by  the  vortex 
since  greater  amounts  of  injectant  are  indicated  by  higher  temperatures.  Experimental 
results  presented  in  Figures  54-65  show  mean  temperature  surveys  conducted  at  x/d  = 
41.9  and  a  blowing  ratio  =  0.5  for  injection  from  both  a  single  injection  hole  and  a 
row  of  13  injection  holes.  These  surveys  are  conducted  using  vortices  r,  w,  x,  y,  z  and 
no  vortex.  Figures  66-71  show  mean  temperature  surveys  conducted  at  x/d  =  33.6,  54.6 
and  75.6  for  a  single  injection  hole  and  at  x/d  =  33.6,  54.6  and  75.6  for  13  injection 
holes.  These  data  (in  Figures  66-71)  are  presented  for  vortices  w  only.  These 
temperature  variations  are  slightly  different  from  ones  which  would  exist  if  the  wall 
were  heated  because  of  different  distributions  of  turbulent  diffusion  of  injectant  heat. 
However,  in  spite  of  this,  a  good  qualitative  indication  of  injectant  distributions  is 
obtained  because,  compared  to  convection,  turbulent  diffusion  is  of  secondary 
importance  in  organizing  relative  positions  of  injectant  concentrations. 
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Data  in  Figures  54-59  show  the  influence  of  vortex  circulation  on  injectant  from 
a  single  hole.  Figures  60-65  show  the  influence  of  vortex  circulation  on  injectant  from 
a  row  of  13  injection  holes.  In  both  sets  of  figures,  results  are  presented  for  vortices 
and  no  vortex.  As  vortex  circulation  increases,  larger  amounts  of  injectant  are  swept 
away  from  the  wall  into  the  vortex  upwash  region. 

Figures  66-68  show  injectant  distributions  with  film  cooling  from  a  single 
injection  hole  at  position  A  (x/d  =  33.6),  position  C  (x/d  =  54.6)  and  position  D  (x/d 
=  75.6)  respectively.  Corresponding  position  B  (x/d  =  41.9)  data  are  presented  in  Figure 
55.  Similar  results  are  presented  in  Figures  69-71  for  the  situation  in  which  a  row 
injection  holes  are  employed.  As  the  vortex  convects  downstream,  larger  portions  of 
the  injectant  are  convected  away  from  the  wall  and  into  vortex  upwash  regions. 

The  data  in  Figures  54-65  are  again  presented  in  Figures  72-83,  except  measured 
secondary  flow  vectors  are  superimposed  on  each  of  the  latter  figures  to  illustrate  how 
their  magnitudes  and  distributions  relate  to  reorganization  of  injectant  by  the  different 
vortices.  The  same  scaling  for  secondary  flow  vectors  is  used  for  all  of  the  figures. 

D.      HEAT  TRANSFER  MEASUREMENTS 

In  this  section,  baseline  heat  transfer  data  are  first  discussed.  The  following  heat 
transfer  measurements  are  then  presented  in  three  parts  :  (1)  measurements  of  boundary 
layers  with  an  embedded  vortex  and  no  film  cooling,  (2)  measurements  of  boundary 
layers  with  film  cooling  from  a  single  injection  hole,  with  and  without  an  embedded 
vortex,  and  (3)  measurements  of  boundary  layers  with  film  cooling  from  a  single  row 
of  injection  holes,  with  and  without  an  embedded  vortex.  For  the  last  two  parts, 
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addressed  are  the  influences  of  the  vortices  on  local  heat  transfer  variations  and 
injectant  distributions. 

1.  Baseline  Data  Checks 

Baseline  data  with  no  film  injection  and  no  vortex  already  exist  for  similar 
test  conditions,  Ligrani,  et  al  [Ref.  2].  Repeated  measurements  of  spanwise  averaged 
Stanton  number  show  good  agreement  (maximum  deviation  is  5  percent)  with  the 
correlation  from  Kays  and  Crawford  [Ref.  14]  for  turbulent  heat  transfer  to  a  flat  plate 
with  unheated  starting  length  and  constant  heat  flux  boundary  condition.  Local  and 
spanwise-averaged  Stanton  numbers  with  injection  at  a  blowing  ratio  of  0.5  (and  no 
vortex)  also  show  agreement  with  earlier  results,  Ligrani,  et  al,  [Ref.  2]. 

2.  Heat  Transfer  Measurements  :  Embedded  Vortex  with  No  Film  Cooling 

Figures  84-88  present  development  of  Stanton  number  ratios  with  streamwise 
distance.  Here,  Sto  is  the  baseline  Stanton  number  measured  in  turbulent  boundary  layer 
with  a  two  dimensional  mean  flow  field  when  no  vortex  and  no  film  cooling  are 
presented.  St  is  then  the  Stanton  number  measured  when  a  vortex  is  present.  Each  of 
these  figures  show  the  Stanton  number  ratios  for  X  =  1.15,  1.25,  1.40,  1.60,  1.80,  and 
2.00  m.,  which  correspond  to  x/d  =  7.4,  17.5,  33.6,  54.6,  75.6,  and  96.6,  respectively. 
The  figures  show  St/Sto  magnitudes  which  are  less  than  1.0  in  upwash  region,  and 
greater  than  1.0  in  vortex  downwash  regions. 

Stanton  number  ratios  in  Figures  89-94  are  presented  to  illustrate  the 
variations  in  heat  transfer  which  result  as  the  magnitude  of  vortex  circulation  is 
changed.  Data  in  each  figure  are  given  for  a  different  x/d,  where  x/d  ranges  from  7.4 
to  96.6.  If  the  vortices  have  no  effect  on  heat  transfer,  St/Sto  ratios  in  these  figures  are 
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Examination  of  results  at  any  streamwise  location  for  any  magnitude  of  circulation 
indicates  that  ratios  are  greater  than  1.0  on  the  right-hand  sides  of  the  figures  as  a 
result  of  vortex  downwash  regions,  and  less  than  1.0  on  left-hand  sides  due  to  upwash 
regions.  Between  these  two  regions,  St/Sto  gradients  exist  along  the  length  of  the  test 
surface.  With  the  exception  of  data  near  the  gradient  for  x/d  <=  54.6,  St/Sto  the 
increases  with  circulation  in  the  downwash  region  and  decreases  with  circulation  in  the 
upwash  region.  The  largest  changes  occur  as  circulation  increases  from  0.0  m2/s  (no 
vortex)  to  0.019  m2/s  (vortex  z),  and  as  circulation  increases  from  0.019  m2/s  to  0.041 
m2/s  (vortex  y). 

The  streamwise  coherence  of  the  vortices  is  evident  because  ratio  magnitudes  are 
significantly  different  from  1.0  along  the  entire  length  of  the  test  plate.  In  fact,  in  the 
downwash  region,  St/Sto  increases  with  x/d  until  x/d  =  33.6,  after  which,  only  very 
small  changes  with  streamwise  distance  occur.  With  these  characteristics,  these  data 
show  agreement  with  qualitative  trends  and  quantitative  magnitudes  reported  by  Eibeck 
and  Eaton  [Ref.  1]  and  Ligrani,  et  al  [Ref.  2]. 

3.  Heat  Transfer  Measurements  :  Film  Cooling  from  a  Single  Injection 
Hole  with  and  without  an  Embedded  Vortex 

Figures  95-100  present  surveys  to  illustrate  the  influences  of  the  different 
strength  vortices  on  St/Sto  and  Stf/Sto.  Each  figure  is  given  for  a  different  x/d  where 
x/d  are  equal  to  7.4,  17.5,  33.6,  54.6,  75.6  and  96.6.  In  each  figure,  St/Sto  data  are 
given  for  vortices  r,  w,  x,  y  and  z,  along  with  Stf/Sto  data  for  no  vortex.  Comparison 
of  these  data  thus  shows  how  St/Sto  change  with  vortex  strength  relative  to  Stf/Sto. 
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Results  for  x/d  =  7.4  in  Figure  95  evidence  significant  and  complicated 
interactions  between  the  vortices  and  the  injectant.  Near  Z/d  =  0.0,  where  the  injectant 
nominally  provides  protection,  St/Sto  values  are  either  about  the  same  or  slightly  higher 
than  Stf/Sto  depending  on  whether  the  injectant  is  relatively  undisturbed  by  the  vortices 
or  redistributed  away  form  the  wall  by  secondary  flows.  The  former  situation  results 
when  S  <=  0.82  for  vortices  y  and  z.  The  latter  situation  occurs  with  stronger  vortices 
r,  w  and  x.  At  Z  larger  than  0.0,  local  St/Sto  beneath  downwash  regions  increase  with 
S.  The  only  exception  is  the  S  =  0.35  data  for  vortex  z  which  have  about  the  same 
magnitudes  as  when  no  vortex  is  presented.  St/Sto  ratios  near  vortex  upwash  regions 
at  Z  less  than  -2.5  cm.  are  about  the  same  regardless  of  the  magnitude  of  vortex 
circulation. 

Results  for  x/d  =  17.5  in  Figure  96  show  the  same  general  qualitative  trends 
as  when  x/d  =  7.4,  except  for  St/Sto  minima  near  Z  =  0.0  which  show  almost  no 
variation  with  S.  The  positions  of  these  minima  are  shifted  about  1  cm.  away  from  the 
nominal  location  of  the  injectant  at  this  streamwise  location  because  of  vortex 
secondary  flows  near  the  wall. 

St/Sto  values  beneath  downwash  regions  for  x/d  =  17.5  in  Figure  96,  x/d 
=  33.6  in  Figure  97  and  x/d  =  54.6  in  Figure  98  are  greater  than  ones  for  x/d  =  7.4 
in  Figure  95.  This  is  because  local  heat  transfer  variations  are  strongly  affected  by 
behavior  in  the  near-wall  portions  of  boundary  layer  regions  where  injectant  initially 
accumulates.  Some  downstream  development  is  then  required  before  enough  injectant 
is  disturbed  and  swept  away  from  the  wall  by  vortex  secondary  flows  to  cause  high 
St/Sto.  Lower  St/Sto  are  present  with  the  stronger  vortices  because  of  a  accumulation 
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of  injectant  in  upwash  regions.  Less  injectant  collects  in  this  area  with  the  weaker 
vortices  since  they  do  not  have  the  vitality  to  rearrange  injectant  from  initial  positions 
beneath  vortex  downwash  regions.  For  x/d  =  33.6  and  x/d  =  54.6,  St/Sto  values 
generally  increase  with  S  in  downwash  regions.  The  most  significant  St/Sto  changes 
result  as  S  increases  from  0.82  to  1.67.  For  x/d  >=  75.6  in  Figures  99  and  100, 
changes  with  streamwise  distance  are  quite  small.  The  largest  St/Sto  values  are  1.20- 
1.22  for  S  =  3.03.  These  amount  to  22-23  percent  increases  over  ratios  with  film 
injection  only.  In  upwash  regions,  St/Sto  data  are  noticeably  lower  than  Stf/Sto  data 
on  the  left-hand  portions  of  figures  when  x/d  >=  33.6.  For  these  locations,  different 
data  sets  follow  the  same  qualitative  trends  (relative  to  Stf/Sto  data  for  S  =  0.0)  with 
about  the  same  quantitative  magnitudes  regardless  of  the  value  of  S. 

Figures  101-106  are  presented  to  illustrate  the  streamwise  development  of 
St/Sto  relative  to  Stf/Sto  for  one  particular  vortex  strength.  Results  in  each  figure  are 
given  for  x/d  ranging  from  7.4  to  96.6  (X  =  1.15  to  2.0  m).  The  two  ratios  are  plotted 
together  on  each  figure  so  that  St/Sto  values  can  be  compared  to  Stf/Sto  ratios  to 
indicate  magnitudes  of  local  perturbations  provided  to  film-cooled  boundary  layers  by 
the  vortices.  In  the  figures,  St/Sto  are  generally  higher  than  Stf/Sto  near  vortex 
downwash  regions  at  larger  Z,  and  St/Sto  are  generally  lower  than  Stf/Sto  at  smaller 
Z  in  the  vicinity  of  vortex  upwash  regions.  Between  these  two  regions,  St/Sto  gradients 
exist  along  the  length  of  the  test  surface  because  of  the  streamwise  persistence  and 
coherence  of  the  vortices. 

With  the  upwash  passing  above  the  injection  hole,  results  at  x/d  =  7.4  in 
Figure  101,  102  and  103  provide  evidence  that  some  of  the  film  is  lifted  slightly  off 
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the  surface  since  the  St/Sto  local  minimum  is  slightly  higher  than  the  Stf/Sto  local 
minimum  from  the  film  only.  In  Figures  104  and  105,  St/Sto  at  x/d  =  7.4  are  slightly 
lower  than  Stf/Sto  evidencing  an  increase  in  the  protection  provided  by  the  injectant 
as  it  is  pushed  towards  the  surface  by  downwash  secondary  flows  just  downstream  of 
the  injection  location.  When  x/d  >=  33.6,  little  evidence  of  the  injectant  is  present 
except  for  St/Sto  values  beneath  upwash  regions  which  may  be  lowered  slightly 
because  of  accumulation  of  injection.  Figure  106  depicts  the  boundary  layer  streamwise 
development  with  no  embedded  vortex.  The  Stanton  number  at  Z  =  0.0  and  x/d  =  7.4 
(X  =  1.15  m)  shows  significant  influence  of  the  injectant.  These  effects  are 
significantly  diminished  as  the  boundary  layer  develops  in  the  streamwise  direction.  At 
x/d  =  96.6  (X  =  2.0  m)  the  centerline  St/Sto  and  Stf/Sto  values  are  nearly  equal  to  1.0, 
indicating  that  the  effects  of  film  cooling  are  very  small. 

4.      Heat  Transfer  Measurements  :  Film  Cooling  from  a  Row  of  Injection 
Holes  with  and  without  an  Embedded  Vortex 

Figures  107-112  present  Stanton  number  ratios  illustrating  the  influence  of 
the  different  strength  vortices  on  heat  transfer  in  boundary  layers  film  cooled  using  a 
row  of  injection  holes.  Each  figure  is  given  for  a  different  x/d,  where  x/d  equal  7.4, 
17.5,  33.6,  54.6,  75.6  and  96.6  (X  =1.15,  1.25,  1.40,  1.60,  1.80  and  2.00  respectively). 
In  each  figure,  St/Sto  data  are  given  for  vortices  r,  w,  x,  y  and  z,  along  with  Stf/Sto 
data  for  no  vortex.  One  of  the  most  striking  aspects  of  these  figures  is  evident  if  they 
are  compared  with  data  in  Figures  89-94  for  no  injection.  For  smaller  x/d,  St/Sto  with 
injection  differ  markedly  from  cases  without  injection.  Initially,  at  x/d  =  7.4  (X  =  1.15 
m)  in  Figure  107,  the  influence  of  the  vortices  is  minimal  if  film  injection  is  present. 
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As  x/d  increases  to  17.5  (X  =  1.25  m  in  Figure  108)  and  33.6  (X  =  1.4  m  in  Figure 
109),  perturbations  from  the  vortices  gradually  become  more  apparent,  until  x/d  =  54.6 
(X  =  1.6  m  in  Figure  110),  when  disturbances  with  injectant  are  very  similar  to  the 
perturbations  which  result  without  injectant.  Thus,  initially  downstream  of  injection 
locations,  the  film  rather  than  the  vortices  is  most  responsible  for  the  spanwise 
variations  of  heat  transfer.  This  is  because  local  heat  transfer  variations  are  strongly 
affected  by  behavior  in  the  near-wall  portions  of  boundary  layers  regions  where 
injectant  initially  accumulates.  Some  downstream  development  is  then  required  before 
enough  injectant  is  disturbed  and  swept  away  from  the  wall  by  vortex  secondary  flows 
to  cause  high  St/Sto  (even  though  circulation  decreases  with  streamwise  development). 
When  the  vortices  influence  local  St/Sto,  qualitative  trends  in  Figures  107- 
112  are  similar  to  ones  in  Figures  89-94  for  no  injection  even  though  the  mechanisms 
which  result  in  changes  to  wall  heat  transfer  are  more  complicated.  In  Figures  107- 
112,  St/Sto  are  higher  than  Stf/Sto  near  vortex  downwash  regions  at  larger  Z.  Because 
of  the  downwash  and  other  nearby  secondary  flows,  injectant  is  depleted,  the  local 
boundary  layer  is  thinned,  and  freestream  fluid  is  convected  very  near  the  wall.  St/Sto 
are  lower  than  Stf/Sto  at  smaller  Z  in  the  vicinity  of  vortex  upwash  regions.  The 
upwash  and  nearby  secondary  flow  serve  to  sweep  extra  injectant  into  these  regions 
sometimes  giving  added  thermal  protection.  In  addition,  boundary  layer  fluid  and 
injectant  are  convected  away  from  the  wall,  resulting  in  a  thicker  local  boundary  layer. 
Once  the  vortices  begin  to  influence  local  near-wall  boundary  layer  behavior,  St/Sto 
gradients  exist  along  the  remaining  length  of  the  test  surface. 
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Figures  113-118  show  the  streamwise  development  of  St/Sto  and  Stf/Sto  for 
one  particular  vortex  strength.  Streamwise  development  is  shown  for  vortices  r,  w,  x, 
y,  z  and  no  embedded  vortex  for  x/d  ranging  from  7.4  to  96.6.  As  for  Figures  101- 
106,  the  two  ratios  are  plotted  together  on  each  set  of  graphs  so  that  St/Sto  values  can 
be  compared  to  Stf/Sto  ratios  to  indicate  magnitudes  of  local  perturbations  provided  to 
film-cooled  boundary  layers  by  the  vortices. 

E.      FLOW  VISUALIZATION  RESULTS 

Figures  119  and  120  present  surface  flow  visualization  results.  The  photographs 
show  how  an  oil-pigment  suspension  placed  on  the  test  surface  is  rearranged  and 
distorted  by  the  vortices  and  film  injection.  In  each  photograph,  the  test  surface 
spanwise  centerline  is  labelled.  The  negative  Z  direction  lies  to  the  left  of  this  symbol, 
while  the  positive  Z  lies  to  the  right.  The  arrow  shown  at  the  top  of  most  photographs 
indicates  the  spanwise  position  of  the  vortex  generator  at  x  =  0.48  m.  This  arrow  is 
not  present  in  photographs  of  flow  patterns  for  turbulent  boundary  layers  with  no 
embedded  vortex.  The  wide  horizontal  band  visible  in  the  middle  of  the  photographs 
is  due  to  a  probe  access  slot  in  the  test  section  top  wall. 

Figure  119  shows  surface  flow  visualization  when  a  single  injection  hole  is 
employed.  Labels  a,  b,  c,  d,  and  e  correspond  to  the  vortices  r,  w,  x,  y,  and  no  vortex, 
respectively.  The  vortex  upwash  region  below  the  centerline  symbol  is  indicated  by  the 
bright  area  in  these  photographs.  Here,  white  pigment  accumulates  on  the  test  surface 
after  secondary  flow  velocities  have  swept  it  in  the  transverse  direction.  The  dark  area 
in   these   photographs   corresponds   to   vortex   downwash   regions.   Evidence   of  film 
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injectant  is  not  discemable  in  photographs  a  and  b,  in  contrast  to  photographs  c,  d  and 
e,  wherein  some  evidence  of  injectant  is  evident. 

Figure  120  shows  surface  flow  visualization  when  a  row  injection  holes  is 
employed  with  vortices  r,  w,  x,  y,  z  and  no  vortex.  These  vortex  configurations 
correspond  to  labels  a,  b,  c,  d,  e  and  f,  respectively.  In  these  photographs,  the  dark 
regions  show  the  path  of  vortex  downwash  regions  and  the  bright  areas  just  to  the  right 
of  these  dark  regions  correspond  to  vortex  upwash  regions.  Streamwise  paths  of  the 
film-cooling  jets  are  also  evident  in  these  photographs,  as  indicated  by  narrow  dark 
lines. 
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IV.    SUMMARY  AND  CONCLUSIONS 

Results  are  presented  which  illustrate  the  effects  of  single  embedded  longitudinal 
vortices  on  heat  transfer  and  injectant  downstream  of  a  single  of  film-cooling  hole  and 
a  row  of  film-cooling  holes  in  the  turbulent  boundary  layer.  Attention  is  focussed  on 
the  changes  resulting  as  circulation  magnitudes  of  the  vortices  are  varied  from  0.0  to 
0.144  m2/s.  The  ratio  of  vortex  core  diameter  to  hole  diameter  is  about  1.5-1.6,  and 
the  blowing  ratio  is  approximately  0.5.  The  film-cooling  hole  is  oriented  30  degrees 
with  respect  to  the  test  surface.  Stanton  numbers  are  measured  on  a  constant  heat  flux 
surface  with  a  non-dimensional  temperature  parameter  0  of  about  1.5.  The  situation  is 
studied  with  the  injection  hole  beneath  the  vortex  upwash.  The  vortices  pass  well 
within  2.9  vortex  core  diameters  of  the  centerline  of  the  injection  hole. 

To  qualify  the  influences  of  the  vortices  on  the  injectant,  the  parameter  S  is 
used,  defined  as  the  ratio  of  vortex  circulation  to  injection  hole  diameter  times  mean 
injectant  velocity.  The  most  important  conclusion  is  that  the  magnitude  of  parameter 
S  determines  whether  perturbations  to  local  heat  transfer  and  injection  distributions  are 
significant.  S  is  varied  from  0  to  3.03  for  a  single  injection  hole  and  from  0  to  2.82 
for  a  row  of  injection  holes.  When  S  is  greater  than  1.0-1.5,  injectant  is  swept  into  the 
vortex  upwash  and  above  the  vortex  core  by  secondary  flows,  and  St/Sto  data  show 
little  evidence  of  injectant  beneath  the  vortex  core  and  downwash  near  the  wall  for 
x/d  up  to  17.5  (for  a  single  injection  hole)  and  for  x/d  up  to  7.4  and  in  some  cases, 
17.5  (for  a  row  of  injection  holes).  For  larger  x/d  with  such  situations,  the  vortices 


30 


cause  local  Stanton  numbers  in  the  film-cooled  boundary  layers  to  be  augmented  by 
as  much  as  23  percent  relative  to  film-cooled  layers  with  no  vortices  for  a  single 
injection  hole  and  25  percent  for  a  row  of  injection  holes. 

When  S  is  less  than  1.0-1.5,  some  injectant  may  remain  near  the  wall  beneath 
vortex  core  and  downwash  regions  where  it  continues  to  provide  some  thermal 
protection.  For  a  single  injection  hole  with  the  weakest  vortices  studied  (S  =  0.35), 
evidence  of  injectant  is  evident  for  x/d  values  as  large  as  75.6.  For  a  row  of  injection 
holes  with  S  =  0.26,  Stanton  number  ratios  substantially  less  than  1.0  indicate  that 
thermal  protection  is  provided  for  x/d  value  at  least  up  to  96.6.  For  S  =  0.91,  Stanton 
number  ratios  substantially  less  than  1.0  indicate  that  thermal  protection  is  provided  for 
x/d  values  up  to  about  54.6. 

In  some  cases,  the  protection  provided  by  film  cooling  is  augmented  because  of 
the  vortex  when  secondary  flows  cause  extra  injection  to  accumulate  in  one  area, 
usually  near  the  vortex  upwash. 
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ATrENDIX  A 
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Figure  1  Test  Section  Coordinate  System 
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Figure  2  Top  View  Schematic  of  Wind  Tunnel  Test  Section 
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Figure  3  Vortex  Generator  Details 
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Figure  4  Vortex  Generator  Orientation  in  X-Z  for  Various 
Vortex  Generator  Angles 
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Figure  5  Coordinate  Location  of  Vortex  Generator  Mounting  Plate 
for  Various  Vortex  Generator  Angles 
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Figure  6  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  7  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  8  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  9  Streamwise  Vorticily  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  10  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  11  Streamwise  Vorticity  Distributions,  A  Single  Film  Cooling  Hole, 
m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 
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Figure  12  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  13  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  14  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  15  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  16  Streamwise  Vorticity  Distributions,  13  Film  Cooling  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  19  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  20  Total  Pressure  Field  for  A  Single  Injection  Hole, 
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Figure  21  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  22  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  23  Total  Pressure  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  24  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  25  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  26  Total  Pressure  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  27  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  28  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vorex  y 
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Figure  29  Total  Pressure  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  30  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  31  Secondary  Flow  Vectors  Field  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vorex  z 
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Figure  32  Total  Pressure  Field  for  A  Single ;  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  33  Streamwise  Velocity  Distributions  for  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 
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Figure  35  Total  Pressure  Field  for  A  Single  Injection  Hole, 
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Figure  36  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  37  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  38  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  39  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  40  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  41  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =41.9,  Vortex  w 
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Figure  42  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  43  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 


74 


m 

63 

in 


en 

CD 

m 

# 

z 

D 


O 
■P 


I    ■    I    '    I    ■    I 


i    ■    r 


i    '   i    ■   i 


rj 


o    in    o    in 
in    u)    in    id 


v       v       v       v 


in     Q     in     a     in 

r   in   in    10   u 


in    m    n    a)    m 


in    to    in    (3    in 
pj    pi    pi     ■«-     t 


in 

(9 

in 

G) 

pj 

PJ 

pj 

^r 

^ 

^ 

^ 

St 

GJ    -•    pj    m    v 


J i_J i I ■ I i L_j L_. I     ■     I      .     I     ■     I     ■      I  ^r 

D  OD  ID  T  PJ  Q 

(wo)    A 


Figure  44  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 


75 


in 

CD 


CD 

a) 


*•      A 


in 
it 


Z 

D 


in    en    in    •*    cb 
•  •  •-* 

CD       V       0)       V 


ID  If)  O 

.    a    ~ 

O      (D      HI      0)      h 

*y  S\  A.  ^  S\  •• 

£0 

If)     CO     r\.     cd     en     — • 


in  n  in  in 

to 

10  v  rs.  v 

m  in 

to  co  rs.  r-. 

•\  a.  /\  ^ 

o     — •  cm  n  V 


Figure  45  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 


76 


X 

u 

H 

QL 

O 

> 

<J 

U 

P 

00 

in 

01 

CD 

u 

•— i 

_J 

• 

o 

en 

I 

CD 

CO 

*— * 

»— < 

in 

Q£ 

=fe 

O 

L_ 

2 

(/) 

IZ 

a: 

o 

H 

[\. 

U 

en 

u 

CD 

> 

en 

>- 

\ 
r 

II 

H 

\n 

_J 

u 

■  • 

U 

o 

CM 

> 

_l 

u 

CO 

> 

u_ 

-I — I — • — I — • — I — ■ — t — • — I — « — I — • — 1 — ■ — I — ■ — 1 — • — I — • — 1 — • —    •" 


~-  -»  ~.  ^.  ~»   %    %    H 
—  —  -•  ^  s.  s  \    V 


1   \  \  \  Y 

i   \  \  \  \ 

i  i  l  \ 

i  i  i  \ 

V  1  1  \ 


rvj 

I  ^ 
E 
u 


-   T    N 


b  I 


(*  =  )     A 

Figure  46  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
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Figure  47  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  48  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  49  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
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Figure  50  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  51  Streamwise  Velocity  Distributions  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 
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Figure  52  Secondary  Flow  Vectors  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 


83 


1 — ■ — I — ' — I — ' — I — ' — I — " — 1~ 


T~r~\ — ■ — T""1 — r 


in 
in 

Q 

cn 

CD 

m 
* 

z 

D 

q: 


•p 

o 

Q. 


i    ■    i 


J i__L 


\    \ 


o    in    o    in 
in    m    to     to 


in   o   in   (9   in 

•r    in    in    u>    in 


in    cd    in.    cd     en 


^    in    a    in    Q    in 
q_    oj    n    n    t     v 


i     ,     i     ■     I 


r\i 


a 


(wo)     A 


in 

(9 

in 

IS 

OJ 

n 

D 

t 

/s 

s\ 

*^ 

Ai 

B     -    w    n     f 


Figure  53  Total  Pressure  Field  for  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  No  Vortex 
Generator 
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Figure  54  Local  Temperature  Distribution,  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  55  Local  Temperature 

m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  56  Local  Temperature  Distribution,  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  57  Local  Temperature  Distribution,  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  58  Local  Temperature  Distribution,  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  59  Local  Temperature  Distribution.  A  Single  Injection  Hole, 


m  =  0.5,  x/d  =  41.9,  No  Vortex  Generator 
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Figure  60  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  r 
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Figure  61  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  w 
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Figure  62  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  x 
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Figure  63  Local  Temperature  Distribution,  13  Injection  Holes, 

m  =  0.5,  x/d  =  41.9,  Vortex  y 
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Figure  64  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  41.9,  Vortex  z 
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Figure  68  Local  Temperature  Distribution,  A  Single  Injection  Hole, 
m  =  0.5,  x/d  =  75.6,  Vortex  w 
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Figure  69  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  33.6,  Vortex  w 
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Figure  71  Local  Temperature  Distribution,  13  Injection  Holes, 
m  =  0.5,  x/d  =  75.6,  Vortex  w 
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Figure  72  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  vortex  r 
m  =  0.5,  x/d  =  41.9 


103 


z 
Id 


O 

> 


(J 

U 

n 

m 


U 

o 


O 

u. 

U 

\- 

I 

H 

u 

llJ 


-y—'-T- 


IT) 

rv 

en 
m 
m 

in 


Z   L 
D 


Q 


in 

^_, 

\ 

II 

m 

_J 

• 

Ld 

OJ 

> 

en 

lu 

ss  s  s  \    s  \ 

-•    ■>•    -.    •-.    N     \ 

SSS  s  s   \  \ 

"-«   -»   N.    N.    N    \  V   ■ 

*■»  *-•  **»  %  %  \  l- 

'^s\\  \  \  1 


in 

in 

iv 

• 

• 

CM 

in 

C\J 

•* 

w 

V 

■ 

V 

v 

(M 

in 

v 

in 

VI 

r^ 

CM 

IT) 

A.\\ 


ru 


_L. 

CD 


—    —    cu    evi    cm 


in    to    is.    m    en 


i_l_i_J_ 

CM 


in 


in 


in 

tM 


in 


U) 


in 
cm 


ca    —    cu    r> 


(wo)     A 


Figure  73  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  vortex  w 
m  =  0.5,  x/d  =  41.9 
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Figure  74  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  voitex  x, 
m  =  0.5,  x/d  =  41.9 
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Figure  75  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  vortex  y, 
m  =  0.5,  x/d  =  41.9 
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Figure  76  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  vortex  z, 
m  =  0.5,  x/d  =  41.9 
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Figure  77  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
A  Single  Injection  Hole,  No  Vortex  Generator, 
m  =  0.5,  x/d  =  41.9 
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Figure  78  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  Vortex  r,  m  =  0.5,  x/d  =  41.9 
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Figure  79  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  Vortex  w,  m  =  0.5,  x/d  =  41.9 
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Figure  80  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  Vortex  x,  m  =  0.5,  x/d  =  41.9 
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Figure  81  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  Vortex  y,  m  =  0.5.  x/d  =  41.9 
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Figure  82  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  Vortex  z,  m  =  0.5,  x/d  =  41.9 
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Figure  83  Secondary  Flow  Vector  Field-Local  Temperature  Distribution, 
13  Injection  Holes,  No  Vortex  Generator, 
m  =  0.5,  x/d  =  41.9 
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Figure  84  Stanton  Number  Development  with  Streamwise  Distance, 
No  Film-Cooling,  Vortex  r 
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Figure  86  Stanton  Number  Development  with  Streamwise  Distance, 
No  Film-Cooling,  Vortex  x 
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Figure  90  Spanwise  Variation  of  St/Sto  Ratios, 
No  Film-Cooling,  X  =  1.25  m 
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Figure  91  Spanwise  Variation  of  St/Sto  Ratios, 
No  Film-Cooling,  X  =  1.40  m 
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Figure  92  Spanwise  Variation  of  St/Sto  Ratios, 
No  Film-Cooling,  X  =  1.60  m 
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Figure  93  Spanwise  Variation  of  St/Sto  Ratios, 
No  Film-Cooling,  X  =  1.80  m 
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Figure  94  Spanwise  Variation  of  St/Sto  Ratios, 
No  Film-Cooling,  X  =  2.00  m 
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Figure  95  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
A  Single  Film-Cooling  Hole,  X  =  1.15  m 
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Figure  96  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
A  Single  Film-Cooling  Hole,  X  =  1.25  m 
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Figure  98  Spanwise  Variation  of  St/Sto  and  Sti'/Sto  Ratios, 
A  Single  Film-Cooling  Hole,  X  =  1.60  m 
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Figure  99  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
A  Single  Film-Cooling  Hole,  X  =  1.80  m 
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Figure  100  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
A  Single  Film-Cooling  Hole,  X  =  2.00  m 
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Figure  101  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.482,  Vortex  r 


132 


STRNTON  NUMBER  RRTIOS 

i 1 1 1 1 — 


-20. 0    -10 


20.  0 


DATE  =   428B9.  184 

1  FC  HOLE,  15  DEG  VORT  GE 

-o-  =  WITHOUT  VORTEX 

-+-  =  WITH  VORTEX 

BLOWING   RRTIO   =    . 482 

F.S.    VELOCITY   =    10.01    M/S 


Figure  102  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.482,  Vortex  w 
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Figure  103  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.482,  Vortex  x 
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Figure  104  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.482,  Vortex  y 
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Figure  105  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.480,  Vortex  z 
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Figure  106  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  A  Single  Injection 
Hole,  m  =  0.481,  No  Vortex  Generator 
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Figure  107  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  1.15  m 
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Figure  108  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  1.25  m 
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Figure  109  Spanvvise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  1.40  m 
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Figure  110  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  1.60  m 
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Figure  111  Spanwise  Variation  of  St/Sto  and  Stt'/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  1.80  m 
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Figure  112  Spanwise  Variation  of  St/Sto  and  Stf/Sto  Ratios, 
13  Film-Cooling  Holes,  X  =  2.00  m 
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Figure  113  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film -Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.473,  Vortex  r 
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Figure  114  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.472,  Vortex  w 
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Figure  115  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.472,  Vortex  x 
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Figure  116  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.472,  Vortex  y 
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Figure  117  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.472,  Vortex  z 
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Figure  118  Local  Stanton  Number  Ratios  in  Boundary  Layers  with  Film-Cooling, 
with  and  without  an  embedded  Vortex,  13  Injection  Holes, 
m  =  0.473,  No  Vortex  Generator 
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Figure  119  Surface  Flow  Visualization  :  A  Single  Injection  Hole 
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Figure  120  Surface  Flow  Visualization  :  13  Injection  Holes 
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The  following 
ORIENT: 


FIVEHOLE: 


PADJUST: 


VELOCITY: 


UX2: 


PTOT2: 


VECTOR2: 


APPENDIX  B 
SOFTWARE 
program  are  listed  : 

This  program  is  used  for  calculating  calibration  coefficients  for 

each  of  the  five  pressure  transducers  associated  with  the  five 

sensing  ports  of  the  five  hole  pressure  probe.  Additionally  Orient 

is  used  to  orientate  the  five  hole  probe  so  that  at  0   yaw  angle  the 

pressures  from  the  right  and  left  ports  are  equal. 

This    program    acquires    pressure    data    from   each    of  the    five 

transducers  associated  with  the  five  hole  probe. 

This  program  accesses  the  FTVP  data  file  created  by  FIVEHOLE 

and    adjusts    the    pressures    to    account    for    special    resolution 

problems.  Pressure  correction  is  performed  using  a  curve  fit     to 

move  the  measurement  location  to  the  center  sensing  port  location. 

This  program  accesses  the  data  file  created  by  PADJUST  and 

computes  the  Ux,  Uy  and  Uz  velocity  components. 

This  program  accesses  the  data  file  created  by  VELOCITY  and 

plots  streamwise  velocity  contours  of  the  Y-Z  plane  surveyed  by 

the  file  hole  pressure  probe. 

This  program  accesses  the  Velocity  program  data  file  and  plots 

total  pressure  contours  of  the  surveyed  Y-Z  plane. 

This  program  accesses  the  Velocity  program  output  file  and  plots 

the  secondary  flow  vectors  in  the  surveyed  Y-Z  plane. 
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VORCIRC2: 


ROVER: 


PLTMP2: 


SETCOND: 


STANTON3: 


STANTON4: 


STAVRAT: 


This  program  acquires  the  velocity  component  data  file  created  by 

the  Velocity  program  and  plots  streamwise  vorticity  contours  of 

the  surveyed  Y-Z  plane. 

This  program  acquires  flow  temperature  data  from  the  "roving" 

thermocouple  mounted  on  the  automatic  traversing  device. 

This  program  acquires  the  differential  temperature  data  file  created 

by  Rover,   and  plots   differential   temperature   contours   of  the 

surveyed  Y-Z  plane. 

This  program  is  used  for  set  conditions  for  data  run.  It  determines 

injection  velocity,  Reynolds  number,  and  blowing  ratio.  It  requires 

terminal  input  of  freestream  conditions,  %  on  rotometer,  and  delta 

P     Plenum.     This     program     gets     plenum     temperature     from 

thermocouple  148  and  gets  plate  average  temperature  to  calculate 

theta. 

This  program  acquires  multiple  thermocouple  data  and  creates  a 

file  to  be  read  by  STANTON4. 

This     program     acquires     multiple     thermocouple     data     from 

STANTON3  and  calculates  heat  transfer  coefficients  and  Stanton 

number. 

This  program  accesses  the  HDATA  files  created  by  STANTON4 

and  creates  an  output  file  which  consists  of  Stanton  number  ratios 

and  X,  Z  coordinates  for  each  of  the  thermocouple  locations. 
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STANFC1: 


STANFC2: 


NFCCOMBO: 


3DSTR3H: 


3DSTRAH: 
3HCOMBO: 


AHCOMBO: 


Heat  transfer  program  to  acquire  thermocouple  reading  from  DAS 

and  Store  information  files  on  floppy  disk. 

This  is  a  middle  program  that  runs  after  STANFC1.  This  program 

calculates  Stanton  numbers  for  all  flow  conditions  from  input  file 

data  created  by  STANFC1. 

This  program  acquires  the  Stanton  number  ratios  calculated  by 

STAVRAT    for   various    strength    vortices    and    for   no    vortex. 

NFCCOMBO  plots  spanwise  variations  of  St/Sto  ratios  for  a  user 

specified  thermocouple  row. 

This  program   plots  the   spanwise  variations  of  the  St/Sto   and 

Stf/Sto  ratios  for  all  six  thermocouple  row.  3DSTR3H  is  used  only 

for  a  single  injection  hole  film  cooling  data. 

This  program  is  used  with  13  injection  hole  film  cooling  data. 

This  program  accesses  the  Stanton  number  ratio  file  created  by 

STANR1   for  vortices  r,  w,  x,  y,  z,  and  no  embedded  vortex. 

3HCOMBO   plots   the    Stf/Sto   spanwise   variations   for   a   user 

specified  thermocouple  row,   and  then  superimposes  the  St/Sto 

spanwise  variations  data  for  each  of  the  vortices. 

This  program  is  the  13  injection  hole  version  of  3HCOMBO,  and 

is  identical  to  3HCOMBO  with  the  exception  ol  different  upper 

and  lower  bounds  on  the  plot  axes. 
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VECTCOMBO  &  TEMPCOMBO:  These  are  specifically  adapted  versions  of 

VECTOR2  and  PLTM2,  which  plot  the  differential  mean 
temperature  contours  superimposed  on  top  of  the  secondary  flow 
vectors.  VECTCOMBO  is  run  first  followed  by  TEMPCOMBO. 
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